A mutation of the WFDC1 gene is responsible for multiple ocular defects in cattle  by Abbasi, Abdol Rahim et al.
Genomics 94 (2009) 55–62
Contents lists available at ScienceDirect
Genomics
j ourna l homepage: www.e lsev ie r.com/ locate /ygenoA mutation of the WFDC1 gene is responsible for multiple ocular defects in cattle
Abdol Rahim Abbasi a,1, Maryam Khalaj a, Takehito Tsuji a, Muki Tanahara b, Kazuyuki Uchida c,
Yoshikazu Sugimoto d, Tetsuo Kunieda a,⁎
a Graduate School of Natural Science and Technology, Okayama University, Tsushima-naka, Okayama 700-8530, Japan
b Okinawa Prefectural Livestock Experiment Station, Nakijin, Okinawa 905-0426, Japan
c Graduate School of Agricultural and Life Sciences, The University of Tokyo, Bunkyo-ku, Tokyo 113-8657, Japan
d Shirakawa Institute of Animal Genetics, Nishi-shirakawa, Fukushima, Japan⁎ Corresponding author. Fax: +81 86 251 8388.
E-mail address: tkunieda@cc.okayama-u.ac.jp (T. Ku
1 Present address: Department of Animal Science, C
University of Technology, Isfahan, Iran.
0888-7543/$ – see front matter © 2009 Elsevier Inc. A
doi:10.1016/j.ygeno.2009.04.001a b s t r a c ta r t i c l e i n f oArticle history:
Received 29 January 2009
Accepted 8 April 2009
Available online 15 April 2009
Keywords:
WFDC1
Cattle
Hereditary disease
Mapping
Mutation
Eye developmentMultiple ocular defects (MOD) in cattle is an autosomal recessive hereditary disorder characterized by
dysplasia of the lens, retinal detachment, persistence of the hyaloid artery, and microphthalmia. The locus
responsible for MOD has been mapped to the proximal region of bovine chromosome 18. In the present
study, we reﬁned the localization of the MOD locus to a 1.0-Mb interval by haplotype analysis using a
pedigree of affected animals. Comparison of nucleotide sequence of genes in this region revealed a one-
nucleotide insertion in theWFDC1 gene, which resulted in a frame shift mutation and premature termination
codon at the middle of the protein. WFDC1 is a small secretory protein containing a WAP-type four disulﬁde
core domain. Speciﬁc expression of Wfdc1 was observed in the lens, retina, and optic nerves of embryonic
and adult mouse eyes by immunohistochemical staining and in situ hybridization. The present ﬁnding
demonstrated the essential role of WFDC1 in mammalian eye development.
© 2009 Elsevier Inc. All rights reserved.IntroductionMultiple ocular defects (MOD) in cattle is an autosomal recessive
hereditary disorder characterized by dysplasia of the lens, retinal
detachment, persistence of the hyaloid artery, andmicrophthalmia [1]
(Fig. S1). In the eyes of affected animals, the formation of many com-
ponents of the eyes, including the lens and retina, are severely affected.
Complete absence of the anterior chamber, hypoplastic and ectopic
lenticular tissues, and retinal dysplasia with total detachment were
observed in the affected eyes. The most characteristic feature of the
affected eyes is the column of the hyaloid artery emerging from the
optic nerve head through the vitreous cavity (Fig. S1). This phenotype
ofmultiple defects in eye formation indicates that the gene responsible
for MOD plays an important role in mammalian eye development.
Recently, we have mapped the locus responsible for MOD to a 6.6-cM
region on the proximal part of bovine chromosome 18 [2].
There are many genes involved in mammalian eye development,
and mutations in these genes cause developmental defects of the eye,
including dysplasia of the lens, retinal detachment, and microphthal-
mia. For example, mutations in the MAF, MITF, PROX1, and PAX6 genes
have been reported in a wide range of eye defects in humans and mice
[3]. Although there are some phenotypic similarities betweenMOD andnieda).
ollege of Agriculture, Isfahan
ll rights reserved.these eye defects, the multiple defects in many components of the eye
observed in MOD are different from the phenotypes caused by muta-
tions in these genes. On the other hand, the persistence of the hyaloid
artery and retinal detachment have been described in human familial
exudative vitreoretinopathy (FEVR) [4], Coat disease [5], retinopathy of
prematurity [6], and Norrie disease [7]. In particular, FEVR is a hetero-
geneous disease with highly variable phenotypes, showing a persistent
hyaloid artery and abnormalities in other eye components, including
the retina and lens, and the severe form of FEVR is accompanied by
microphthalmia, retinal dysplasia and lens degeneration [4]. Mutations
in the FZD4, LRP5, and NDP genes, involved in the Wnt signaling path-
way, have been identiﬁed in patients with FEVR [7–10]. The patho-
logical ﬁndings of MOD suggest its similarity to the severe forms of
human FEVR disease, but the chromosomal localization of these genes
does not correspond to that of the MOD locus on bovine chromosomes.
In the present study, we determined the precise localization of the
MOD locus on bovine chromosome 18 by haplotype analysis, identiﬁed
the gene responsible for MOD in this region, and found a frame shift
mutation in this gene. Expression of this gene in mouse eyes was also
examined by RT-PCR, immunohistochemical analysis, and in situhybrid-
ization to investigate the function of the gene in eye development.
Results
Fine mapping of the MOD critical region
The MOD locus has been mapped to a 6.6-cM region (5.6 Mb)
of bovine chromosome 18, ﬂanked by two microsatellite markers,
Fig. 1. Inbred pedigree of cattle with MOD. The pedigree was comprised of descendants of a single founder sire, and DNA samples of 6 sires, 12 dams, and 21 affected and 68 normal
calves of the pedigree were collected. Filled and half-ﬁlled boxes or circles represent affected animals and carriers, respectively. Gray boxes or circles indicate possible carriers whose
DNA samples could not be obtained but presumed to transmit the mutant allele from the founder to the affected animals.
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in this region, and seven markers (Table S1) showing heterozygosity
in the carrier sires were genotyped in the animals of the inbred
pedigree (Fig. 1) to reﬁne the critical region for the MOD locus. The
genotyping data (Fig. 2) indicated that all the affected animals were
homozygous for ABS13, while one and two recombination events
were observed with two adjacent markers, MOK1801 and MOK1805,
respectively. In addition, a single nucleotide polymorphism (SNP) in
the NECAB2 gene also indicated no recombination with the MODFig. 2. Haplotype of markers onMOD critical region. Genotypes of 11 microsatellite and one S
the WFDC1 gene, with (−) and (+) showing the mutant and wild-type alleles, respectively
boxes. The numbers of animals with each haplotype are shown in parentheses. A to D represe
(B. Taurus linear scaffolds as of 2007-Sep-13 in HGSC at Baylor College of Medicine) are indlocus. As shown in Fig. 2, the haplotypes of the markers in this region
were highly conserved in all affected animals and the carrier sires,
indicating that the mutant allele of the MOD locus is identical by
descent and originated from the common founder in the pedigree.
The haplotype data clearly indicated that the MOD locus lies in a
region between MOK1801and MOK1805 (Fig. 2). According to the
cattle genome assembly BTA4.0 (B. Taurus linear scaffolds as of
2007-Sep-13 in HGSC at Baylor College of Medicine), this region spans
1.0 Mb and contains 12 known genes (Fig. 3A).NPmarkers in the carriers and affected animals of the pedigree are shown. Genotypes of
, are also indicated. The haplotype associated with the mutant allele is shown by gray
nt carrier sires in Fig.1. The positions of these markers in cattle genome assembly BTA4.0
icated.
Fig. 3. The MOD critical region and mutation in the WFDC1 gene. (A) The genomic map of the MOD critical region ﬂanked by MOK1801 and MOK1805 markers. Positions and
transcriptional orientations of 12 genes in this region are indicated by horizontal arrows. (B) Schematic representation of the cattle WFDC1 gene and partial nucleotide and amino
acid sequences of the wild-type (WT) and mutant (MOD) allele of the gene. The insertion of a cytosine in exon 2, which causes a frame shift mutation resulting in premature
termination at codon 126, is indicated by red vertical arrows.
Fig. 4. Expression of Wfdc1 in various adult and developing mouse tissues. (A) RT-PCR
analysis of Wfdc1 in various adult mouse tissues. The lower panel indicates expression
of Gapdh as a control. (B) RT-PCR ofWfdc1 and the genes involved inWnt signaling with
known functions in eye development in embryonic and postnatal mouse eyes.
57A.R. Abbasi et al. / Genomics 94 (2009) 55–62An insertion mutation of the WFDC1 gene is responsible for MOD
We determined the nucleotide sequences of entire coding regions
of these 12 genes in the MOD critical region in affected animals, and
compared the sequences with those of normal animals. Among the 12
genes, no functional mutation or nucleotide difference speciﬁc to the
affected animals was observed in 11 genes, although several
nucleotide substitutions were observed in these genes. However, in
the remaining one gene,WFDC1 (WAP Four-Disulﬁde Core domain 1),
we found an insertion mutation in exon 2 of the gene (Fig. 3B). The
mutation is an insertion of a cytosine in a stretch of six cytosines. The
WFDC1 gene comprises seven exons that encode a 24-kDa protein
with 211 amino acids which are strongly conserved among different
species with 84% and 79% identity between cattle and humans or
mice, respectively. The insertion causes a frame shift mutation and a
premature termination codon appeared at codon 126 that results in
loss of more than two-thirds of the amino acid sequence of the protein
including the highly conserved WAP (Whey Acidic Protein)-domain,
presumably leading to complete loss of function of the protein (Fig.
S2). Screening of all the pedigree members, including 21 affected
animals, 4 sires and 11 dams of the affected animals, and 68 normal
progeny showed that all 21 affected animals were homozygous and
the carrier sires and dams were heterozygous for the mutation.
Furthermore, screening of 140 randomly sampled animals of unre-
lated populations showed no mutant allele in these samples. There-
fore, the MOD phenotype was completely consistent with the
genotype of the WFDC1 gene.
Expression analysis of the Wfdc1 gene in the mouse
The expression analysis of Wfdc1 in mouse tissues by semi-
quantitative RT-PCR showed ubiquitous expression of the gene in
various tissues. Relatively high level of expressions was observed inthe lungs, heart, and skeletal muscle (Fig. 4A). We also performed
expression analysis of theWfdc1 gene in developing mouse eyes from
embryonic day (E) 12.5 to postnatal day (P) 21, the time coinciding
58 A.R. Abbasi et al. / Genomics 94 (2009) 55–62with eye development (Fig. 4B). As the genes involved in Wnt signal-
ing have been shown to be crucial for eye formation, we also analyzed
expressions of the Fzd4, Norrin (Ndp), Lrp5, Wnt2b, and Wnt7b genes
which are involved inWnt signaling. TheWfdc1 expressionwas found
from E12.5 to E14.5, then decreased at E15.5. While no expression
could be detected at E16.5, the expression again increased at E17.5
onward. The expressions of the genes involved in Wnt signaling were
found in developing and postnatal eyes. Interestingly, theWnt7b gene,
which has been reported to mediate the macrophage-induced cell
death in hyaloid artery regression, showed an expression pattern
similar to that of Wfdc1 (Fig. 4B).
To examine the sites of expression of Wfdc1 in developing and
adult mouse eyes, immunohistochemical staining using the anti-
WFDC1 antibody was performed on sections of normal mice. In the
sections of developing eyes at E12.5, expression of Wfdc1 was
observed in the lens vesicle (Fig. 5A), and it was observed in the
lens, optic ﬁber layer of the inner retina, and optic nerve at E13.5
(Fig. 5B). At E14.5, the expression in the central region of the lens
decreased, but signiﬁcant expression remained in the regions close
to the equatorial region of the lens, and prominent expression was
also observed in the innermost layer of the retina and optic nerve
(Fig. 5C). The expression of Wfdc1 in the newborn mouse lens was
restricted to the equatorial region. This region overlaps the
transition zone, where the lens epithelial cells exit the cell cycle
and start to differentiate into lens ﬁber cells (Fig. 5D). Retinal
expression in the newborn mouse was observed in the entire inner
retina, but highest expression was observed in the peripheral retina
(Fig. 5D).
To conﬁrm the expression of Wfdc1 in developing eyes, we also
performed in situ hybridization of the Wfdc1 gene. A high level of
Wfdc1 transcripts were localized in the equatorial region of the
lens at E15.5 (Fig. 6A, C) and the expression was more restricted to
the equatorial region at E18.5 (Fig. 6B, D). In the retina, the most
signiﬁcant Wfdc1 expression at E15.5 was observed in the tip-ends
of the retina known as the peripheral retina (Fig. 6C). At E18.5,Fig. 5. Immunohistochemical staining of Wfdc1 in mouse embryonic eyes. Sections of E12
Wfdc1 antibody. Positive signals (brown staining) are observed in lens vesicle (A), in enti
and optic nerve (C), and in transition zone at equatorial region of the lens and peripheral r
equatorial region of the lens, respectively. Scale bars show 100 μm.although the expressions were observed in entire inner retina (Fig.
6B), highest expression is still observed in the peripheral retina
(Fig. 6D).
In the immunohistochemical staining of adult eyes, no apparent
expression of Wfdc1 could be observed in most parts of the lens (Fig.
7A), but speciﬁc expression was observed in a limited number of cells
in the transition zone at the equatorial region of the lens (Fig. 7B).
Broad expressions were observed in the layers of the retina including
the inner half of the outer plexiform layer and the inner plexiform
layer, but the highest expression was found in the ganglion cell layer
(Fig. 7C). Furthermore, Wfdc1 expression was observed in layers of
the corneal epithelium, but not in the stroma layer in the adult mouse
eye (Fig. 7D).
Discussion
In the present study, we reﬁned the MOD critical region to a
1.0-Mb region by haplotype analysis and identiﬁed a frameshift
mutation in the WFDC1 gene. WFDC1 is a small secretory protein
containing a WAP-type four disulﬁde core domain, originally char-
acterized as a growth inhibitor of epithelial cells derived from pros-
tate stromal cells (ps20) [11,12], but the exact physiological function
of WFDC1 remains unknown [13]. The gene was initially considered
to be a potential tumor suppressor gene, since the expression of
WFDC1 is signiﬁcantly down-regulated in prostate cancer [14] and
loss-of-heterozygosity of the genomic region containing WFDC1 has
been observed in several types of carcinomas [15,16]. However, the
gene was also proposed to promote angiogenesis and subsequently
tumor cell growth, since the WFDC1 is expressed in vessel wall
smooth muscle cells and promotes migration of endothelial cells [17].
Although the function of WFDC1 remains unknown, several lines of
evidence demonstrated the involvement of WFDC1 in eye develop-
ment. For example, higher expression of WFDC1 was reported in the
macula of the retina where spontaneous growth of new blood vessels
is involved in the pathogenesis of age-related macular degeneration.5 (A), E13.5 (B), E14.5 (C), and newborn (D) mouse eyes were stained with an anti-
re lens, inner retina, and optic nerve (B), in the equatorial region of lens, inner retina
etina (D). An arrow head and arrows indicate the expressions in peripheral retina and
Fig. 6. In situ hybridization ofWfdc1 in mouse embryonic eyes. Sections of E15.5 (A, C) and E18.5 (B, D) mouse eyes were hybridized with a mouse Wfdc1 antisense probe. Section of
E15.5 (E) was also hybridized with sense probe as negative control. C and D show higher magniﬁcation views of the boxed regions in A and B, respectively. The hybridization signals
(magenta staining) in the equatorial region of the lens and peripheral retina are indicated by arrows and arrowheads, respectively. Scale bars show 100 μm.
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peripheral part of the retina during eye development [20,21].
In the present study, we found awide range ofWfdc1 expression in
the developing and adult mouse eyes (Figs. 5, 6, and 7). The
expression of Wfdc1 was observed in the retina, lens, cornea, and
optic nerve and the expression pattern was strongly correlated with
speciﬁc steps of cell differentiation in the lens and retina. We found a
high level of expression in the E15.5 developing lens, in which form-
ation of the primary ﬁber lens occurs. In mammalian lens develop-
ment, the mitotically active epithelial cells in the anterior surface of
the lens are induced to differentiate into lens ﬁber cells at the
transition zone located in the equatorial region of the lens. During eye
development, the transition zone is gradually reduced, and in the
adult lens, it is restricted to the edge of the equatorial region where
secondary lens ﬁber cells are continuously formed. The expression of
Wfdc1 colocalized with the transition zone of the lens during eye
development and adulthood, suggesting that Wfdc1 is involved in
differentiation of lens ﬁber cells, and that mutation of theWfdc1 gene
might cause defects in lens formation.
On the other hand, strong expression ofWfdc1was observed in the
peripheral part of the developing retina, which is in concordance with
a previous report [20]. The peripheral retina gives rise to severalpigmented and non-pigmented structures of the eye including the
iris and ciliary body [20]. Cho and Cepko [21] reported that Wnt2b
induces expression of Wfdc1, Collagen IX, and Bmp7 in peripheral
retina, and subsequently formation of the ciliary body and smooth
muscle cells of the iris. The exact function of theWfdc1 in this process
remains unknown, but Wfdc1 may have essential function for
differentiation of the cells in peripheral retina.
Another possible mechanism for the MOD phenotypes is impaired
blood vessel formation in eyes. The phenotypes of MOD showmarked
similarity with those of human FEVR, a genetically heterogeneous
human hereditary ocular disease caused by incomplete vasculariza-
tion of the retina [1,4]. So far, mutations in the genes involving Wnt
signaling including FZD4, LRP5, and NDP have been identiﬁed in FEVR
patients [7–10]. FZD4 is a seven-transmembrane type receptor for
Wnt molecules, LRP5 is a co-receptor of FZD4, and NDP is a newly
identiﬁed non-Wnt ligand for FZD4 [22]. These genes are expressed in
developing and adult eyes and mutations of these genes in both
humans and mice resulted in impaired vascularization of the retina,
which subsequently causes developmental defects in many parts of
the eye including persistence of hyaloid arteries [23–28]. For example,
macrophage-induced programmed cell deathmediated byWnt7bwas
shown to be critical in this process and Wnt7b null mice display
Fig. 7. Immunohistochemical staining of Wfdc1 in adult mouse eye. A section of the eye was stained with an anti-Wfdc1 antibody (A). B–D show higher magniﬁcation views of the
boxed regions in A. Prominent expressions (brown staining) are observed in the transition zone at equatorial region of lens (B), ganglion cell layer of retina (C), and corneal
epithelium (D). RPE; retinal pigment epithelium, R & C; rod and cone layer, ONL; outer nuclear layer, OPL; outer plexiform layer, INL; inner nuclear layer, IPL; inner plexiform layer,
GCL; ganglion cell layer. Scale bars show 1 mm for A and 100 μm for B, C, and D.
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[29,30]. Interestingly, expression analysis of genes involved in Wnt
signaling in developing mouse eyes showed a similar expression
pattern of the Wfdc1 to Wnt7b gene suggesting a functional correla-
tion of these two genes in eye development. Similar phenotypes bet-
weenMOD and FEVR and similar expression patterns betweenWFDC1
and genes responsible for FEVR suggest thatWFDC1might be involved
in the same biological pathway(s) in regression of the hyaloid artery
and eye development.
In the present study, we revealed that a mutation in the WFDC1
gene causes multiple ocular defects in cattle demonstrating the
essential role of WFDC1 in mammalian eye development. This is the
ﬁrst report that provides direct evidence for the involvement of
WFDC1 in a particular process of mammalian development. The
identiﬁcation of the causative mutation for MOD will also facilitate
identiﬁcation of carriers of this disorder to prevent incidence of the
disease. In addition, the known FEVR genes in humans, including
FZD4, Norrin and LRP5, account for only some familial cases of FEVR
[10], suggesting that there might be more genes involved in FEVR
pathogenesis, andWFDC1 could be one of the causative genes for this
human disease.
Materials and methods
Pedigree material
An inbred pedigree of a commercial herd of Japanese Black cattle
comprising 21 affected calves derived from a common founder
ancestor were used in the present study (Fig. 1). DNA samples of
these 21 affected animals, 6 sires and 12 dams, were collected fromblood or semen samples. DNA samples of 68 unaffected animals of this
pedigree and 140 normal animals of other Japanese Black cattle pop-
ulations were also analyzed.
Microsatellite markers
New microsatellite markers were developed by searching for
dinucleotide repeats in a partial genomic sequence of the MOD region
of cattle chromosome 18 (Table S1). PCR ampliﬁcation of the micro-
satellite markers was carried out with 20 ng of genomic DNA,
6.25 pmol of each primer, and 0.4 unit of Taq DNA Polymerase
(TAKARA BIO, Ohtsu Japan). Thirty cycles of ampliﬁcations, each
consisting of denaturation for 30 s at 94 °C, annealing for 30 s at
54–64 °C, and extension for 30 s at 72 °C, were carried out. Genotypes
of these markers were determined by polyacrylamide gel electro-
phoresis followed by silver staining.
Mutation detection
Total RNA from liver and lung tissues of affected and normal
animals was extracted using Trizol reagent (Life Technologies,
Gaithersburg, MD, USA) according to the manufacturer's instructions.
Equal amounts of each sample were reverse-transcribed using
randomhexamers and Superscript II reverse transcriptase (Invitrogen,
Carlsbad, CA, USA).
The entire coding region or all exons and intron/exon boundaries
of the 12 positional candidate genes were ampliﬁed from the reverse-
transcribed cDNAs or genomic DNA of affected and normal animals.
Primers designed to amplify the open reading frame ofWFDC1mRNA
and all exons and intron/exon boundaries of the WFDC1 gene are
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Easy vector (Promega, Madison, WI, USA) and sequenced by using an
ABI3700 sequencer (Applied Biosystems, Foster City, CA, USA). After
identiﬁcation of the insertion mutation in the WFDC1 gene, we
designed primers to amplify exon 2 of the gene (Table S2) to screen
the mutation in the pedigree members and the randomly sampled
population of cattle using either direct sequencing or fragment
length difference analysis, and an RFLP-based method (Fig. S3).
Genotyping of WFDC1 by fragment length analysis was performed by
ampliﬁcation of a 157-bp fragment of the bovine WFDC1 gene
covering the insertion site by a set of primers (MOD-test1 in Table
S2) under the condition same as the genotyping of the microsatellite
markers, electrophoresis with 8% polyacrylamide sequencing gels
(7 M urea; 0.5× TBE), and silver staining. For the RFLP-based
method, the DNA samples were subjected to PCR using a set of
primers (MOD-test2 in Table S2) containing a mismatch primer,
which introduced a recognition site for the BglI restriction enzyme
(5′-GCCNNNNNGGC-3′) into the ampliﬁed fragment of the mutant
allele. The digested fragments were electrophoresed through 8%
polyacrylamide gels.
Expression analysis by semi-quantitative RT-PCR
Total RNA samples of developing and postnatal mouse eyes at
E12.5–E17.5, and postnatal eyes from P0–P21 and different mouse
tissues including brain, heart, kidney, lung, liver, spleen, stomach,
intestine, muscle, testis, and ovary from ICR mice, and E10.5 whole
embryos were extracted using Trizol reagent (Life Technologies,
Gaithersburg, MD, USA) and treated with DNase. First-strand cDNA
was synthesized from the total RNA using random hexamers and
Superscript II reverse transcriptase (Invitrogen, Carlsbad, CA, USA).
Relative expression levels of the Wfdc1, Wnt7b, Wnt2b, Norrin, Lrp5,
and Fzd4 genes were estimated by comparison with expression level
of Gapdh gene. The PCR primers for the RT-PCR are listed in Table S3.
The PCR ampliﬁcation was carried out for 23 cycles, each consisting of
94 °C for 45 s, 58–61 °C for 45 s, and 72 °C for 120 s.
Immunohistochemical analysis
The rabbit anti-rat ps20 antibody [31] was a generous gift from Dr.
Huynh Hung (Laboratory of Molecular Endocrinology, National Cancer
Center of Singapore). Speciﬁcity of the antibody was conﬁrmed by
immunohistochemical staining of mouse section with or without the
antibody (Fig. S4). Mouse embryos were ﬁxed in 4% paraformal-
dehyde (PFA) in PBS overnight at 4 °C, rinsed with PBS, dehydrated,
embedded in parafﬁn, and sectioned at 4 μm thickness. The
immunohistochemical assay was performed using the TSA-Plus DNP
(HRP) System (PerkinElmer Life Sciences, Boston, MA, USA) according
to the manufacturer's instructions. Brieﬂy, sections were blocked
using a blocking solution, and incubated with the primary antibody
(Rabbit anti-rat ps20, 1:10,000 dilutions in PBS) overnight at 4 °C.
After incubation with the primary antibody, sections were incubated
with an HRP-conjugated goat anti-rabbit secondary antibody for 1 h at
room temperature. Sections were incubated with DNP-ampliﬁcation
reagents, then incubated with an anti-DNP-HRP antibody for 30 min,
washed three times with TNT buffer, and visualized by incubation
with diaminobenzidinetetrahydrochloride (DAB) chromogen (Dako,
Glostrup, Denmark). The sections were counterstained with Mayer's
hematoxylin.
In situ hybridization
For in situ hybridization, sense and antisense riboprobes were
synthesized using T7 and SP6 RNA polymerases (Roche Diagnostics,
Mannheim, Germany) from a 670-bp fragment covering the coding
region of the mouseWfdc1 gene and labeled with DIG-11-UTP using aDIG RNA labeling kit (Roche Molecular Biochemicals, Mannheim,
Germany). Mouse embryos were ﬁxed in 4% paraformaldehyde in PBS
at 4 °C overnight, embedded in parafﬁn, and sectioned at 4-μm thick-
ness. After deparafﬁnization and rehydration, the sections were
digested with proteinase K (10 μg/ml) for 10 min at 37 °C, acetylated
at room temperature for 15 min, and prehybridized for 2 h at 55 °C.
The sections were then hybridized with the sense and anti-sense
probes at 55 °C overnight, washed in 50% formamide/SSC, digested
with 20 μg/ml RNAse A, and re-washed in SSC. The hybridized
sections were incubated with an alkaline phosphatase-conjugated
anti-DIG antibody (1:500, Roche Diagnostics, Mannheim, Germany)
at 4 °C overnight and visualized using BCIP (5-bromo-4-chloro-3-
indoyl phosphate) and NBT (nitroblue tetrazolium). The sections
were counterstained with 1% methyl green.
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